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1 . INTRODUCTION 

The traditional Powder Metallurgy <P.M.) processing 
consists of compacting metal powder into the required shape 
followed by sintering and post-sintering operation such as 
infiltration. The salient feature of such products is that it 
usually contains 3-5% porosity. The porosity may be even more 

depending upon the applications. However, a new class of material 
known as P.M. Wrought products, has been developed, which are 

produced by hot and cold working of powder preforms. They are 

characterised by the fact that they are fully dense and possess 
characteristic wrought microstructure. Metal strips can also be 
manufactured by Powder Metallurgy processing and is an example of 
the P.M. Wrought products. 

1.1 CLASSIFICATION OF METHODS FOR STRIP PROOUCTION: 

Conventional methods of strip production has many 

C 2 3 5 6 7 !)' 

d i sadvancages as studied by earlier worker • • . . ^ Therefore 

there exists a need for developing alternative routes for thin 
strip production from an economically viable small sized plant 
with low capital investment. Out of the alternative routes 

continuous casting route and powder metallurgy route can be used 
for strip production. But powder metallugy routes offer 
considerable advantages, both in terms of energy saving and low 
capital investment^^’®^ . Therefore powder metallugy methods can 
be used for production of strips. 
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(9) 


for making 
( 10 ) 


There are several different P.M. routes 
thin strips which has recently been reviewed by Dube Fig 

1.1 gives the schematic vieew of different processes for thin 
strip preparation. The entire processing of metal power into 
finished strip by P/M routes based on cold metal powder rolling 
consists of following unit processes. 


(a) Green strip preparation 

(b) Sintering of Green strip 

(c) Oensif ication rolling of Porous sintered strip 
(d> Final cold rolling and annealing. 

The common factor in the above is dens i f i cat i on rolling, 
since whatever the method of preparation may be there will be 
porosity in the strip after sintering and it is to be densified to 
get fully dense strip. Green strip prepartion can be done either 
by (a) Direct cold metal powder rolling <b> Bonded metal 
power/slurry casting route. Fig. 1.2 shows the schematic view of 
Direct cold metal Powder rolling. 


1.2 DENSIFICATION ROLLING OF SINTERED METAL STRIP; 

Sintered strips obtained from any of methods discussed 
above contain a considerable amount of polosity from 60% to 15%. 
The dens i f i cat i on . of the sintered strip into a fully dense strip 
can be carried out in two diffent ways; 

<1> Repeated cold rolling and annealing 


(2> Hot rolling 
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Finished copp>er strip 


FIG. /. / SCHEMATIC FLOW DIAGRAM OF P/M ROL/TES 
FOR MAKING COPPER STRIP. 

(Route t’- Direct cold powder rolling^ 

Route 2- Bonded powder rolling • 

Route 3- Hot powder rolling ). 







FREE FLOW ZONE 
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F/G./.2 VARIOUS ZONES WITHIN THE ROLL BITE DURING THE 
DIRECT COLD METAL POWDER ROLLING . 
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Variables in dens i f i cat i on rolling can be categorized as below: 

(1) Powder characteristics 

size 

shape 

distribution 

(2) Method of making Green strips 

<5> Density of sintered strip 

(4> Hot rolling temperature 

(^) Rolling mill parameters 

(a) Diameter of rolls 

(b) Speed of rolls 

(c> Roll temperature 

(6) % Reduction 

(7) Reliability of metal 

The effect of several variables on the feasibility and 
properties of strip rolled from powder routes has been studied by 
workers . However the effect of hot rolling temperature on the 
mi crostructural and mechanical properties has not been studied 
systematically. The present work has been undertaken to study the 
effect of hot rolling temperature on the mi crostructura 1 and 
mechanical properties of the fully dense copper strips. 

Many i nvest i gators ^ ^ ^ ^ V have favoured hot rolling after 
sintering as a means of achieving 100 percent density in the 
strip. The main advantages of this process are that it is 
flexible to produce a dense strip in a single operation, and it 
reduces the sintering time. Moreover it is possible to hot roll 



fe 


the sintered strip directly from the furnace without cooling. The 
amount of thickness deformation required to produce a fully dense 
strip depends on the initial porosity and is always greater than 
that theoretically required. Thi.s is because some of the rolling 
deformation goes into elongating the strip instead of closing the 
pores. The experimental procedure for hot rolling of strip is 
described in chapter 5. 

1.5 FURTHER COLD ROLLING AND ANNEALING OF HOT ROLLED STRIPS - 

Sheet and strip metals are generally cold rolled. 

followed by a suitable anneal before the final finished product is 

shipped. This is done obviously to achieve optimum mechanical and 

structural properties in addition to superior surface finish. 

Powder metal strip produced by not rolling route would have an 

inferior surface finish because of oxide film formation. 

Therefore it is necessary to pickle the strip/sheet before cold 

rolling. It is desirable to start final cold rolling on a fully 

< 4 ) 

dense P/M metal strip. However Smucker observed that copper 

strip with 96-100 percent density range could be cold rolled like 
a conventional 100 percent dense copper strip. This final cold 
rolling and annealing operations, threfore could be used for some 
dens i f i cat i on . Neverthless, the primary aim remains to achieve 
optimum mechanical properties. 

Copper strip prepared from Atomized copper powder can 
contain non metallic inclusions. During deformation, due to the 
plasticity difference between matrix and inclusion. Oecohesion or 



Fragmentation of inclusion can take place. 


The effect of cold. 


rolling of strips containing non metallic inclusion on 


mechan i ca 1 


and mi crostructural properties has not been studied systematically 
by earlier workers. 
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CHAPTER - 2 

AIMS OF PRESENT INVESTIGATION 

<1) To study the strip dens i f i cat i on with the percentage 
thickness reduction, and the effect of hot rolling 
temperature on the dens i f i cat i on behaviour. 

(2) To study the various stages of dens i f i cat i on using 
scanning electron microscope on strips hot roiled to 
different thickness reductions. 

(>) To study the effect of hot rolling temperature on the 
mechanical and mi crostructura 1 properties of copper 
strips hot rolled at different temperatures and 
<a) Quenched in water 
<b) Cooled in graphite chips 

<4) To study the effect of annealing on the strip hot rolled 
at 1225K and annealed at 82>K. 

<5) To study the quantitative analysis of inclusion in 
copper strips made from atomized copper powder. 

<6> To study the effect of cold roiling thickness reduction 
on mechanical and mi crostructural properties of strips 
cold rolled and annealed. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

Various powder metallurgy methods for the preparation of thin 
strips have been studied by many workers and it has recently been 
reviewed by Dube^^^^ Strip preparation by bonded cold metal 
powder/slurry casting route method consists of preparation of 
slurry mixture from metal powder, a binder and a plasticizer mixed 
in a vehicle medium, casting and drying it to get a coherent 
strip. This strip obtained is then sintered and densified by 
rolling. The sequence of operations have been shown in Fig. 3.1. 

5.1 MATERIALS : 

5.1.1 Atomised copper pOwder: 

The atomized copper powder for this study was supplied 
by Greenback Industries. Inc. U.S.A. The powder was 99.5 percent 
pure and had an apparent density of 2.83 mg/m^ and standard Hall 
flowmeter rating of 54s/50g. Size distribution of the powder 
was as fol lows : 


Mesh size 

+ 100 

+ 150 

+ 200 

+ 250 

+ 525 

- 525 

Present 

0.2 

4.2 

7.5 

5.5 

18.9 

639 


Examination of powder shape under scanning electron microscope 
revealed the spherical shape Figures 5.2, a & b. show the typical 
scanning photograph of the powder. 



neiai 

Powder 


Vehicle 

medium 


Plasticizer 


MIXING AND 
SLURRY MAKING 


binde 


STRIP CASTING 


DRYING 


green strip 


SINTERING 


HOT DENSIFICATION ROLLING 



EVALUATION OF PROPERTIES & MICROSTRUCTURAL 

CHARACTERIZATION 


Fig .3.1 Schematic flov/ chart for the production 
and characterization of copper strips 
prepared by bonded metal powder/ slurry 
castino route . 
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Fig. 3 
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2 Morphology of Atomized copper powder particles 
as examined by scanning electron microscope. 
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3.1.2 B i nder 

The purpose of binder is to provide sufficient strength 
to green dry strip after solvent is evaporated. Binders are 
basically film formers^^^^ which are dissolved molecularly in the 
solvent or are dispersed in the liquid as an emulsion^^^\ 
Organic binders are generally used for the preparation of strip, 
A binder, in general, should satisfy the following requirements: 

1) It should form a solution of sufficient viscosity at low 
concentrations and should be available in a wide range of 
V i scos i ty . 

2) It must form a flexible self supporting film after drying 

3) It should volatalize to a gas leaving negligible residual 
carbon or ash during sintering. 

4) It should be relatively in expensive. 

Water soluble methyl cellulose [ was used as 
a binder in the prsent work. 

3.1.3 Plast i c i zer : 

Plasticizers are additives which soften the binder in 

the dry or near dry state. They are lower molecular weight 

organic compounds and dissolve on the same liquid as the binder. 

After drying the binder and plasticizer are intimately mixed as a 

single material. Plasticizer increases the flexibility of 
< 17) 

material 


Methyl cellulose, when used as a binder, formed green 
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strip having a curled surface and was hard. According to 

( 18 ) 

Thomson Glycerene can be used as a plasticizer in a methyl 

cellulose - water system. Reagent grade glycerine was, therefore, 
used as a plasticizer. 

5.1.4 Vehicle Medium: 

A solvent or vehicle should have essentially the 

following characteristics: Low boiling point. low viscosity. 

ability to dissolve binder and plasticizer and non-reactivity with 

metal powder. Most of the non-aqueous solvents. eg: Acetone, 

Benzene etc offer the above advantages but are expensive as 

compared to that of water, also toxic in nature and can give rise 

( 28 ) 

to Flammability hazards water on the other hand is cheaper and 

non toxic but has relatively higher boiling point requiring 
extraneous heating. Water was, threfore used as a vehicle medium. 

5.1.5 Gases : 

Gases used in the present work are and Argon. 

Pure Hydrogen (lOLAR - 2 Grade) supplied by Indian Oxygen Ltd. was 
used as a protective atmosphere, during sintering of porous copper 
strip, to prevent oxidation of strip. Dry Nitrogen was used for 
flushing the- chamber before passing Hydrogen in the furnace. Pure 
Argon was used for annealing purposes. 



3.2 PREPARATION OF STRIP FROM ATOMIZED COPPER POWDER: 


5.2.1 PREPARATION OF GREEN COPPER STRIP 

The sequence of operations were given in Fig. 3.1 by 
trial and error, the following weight percent composition was 
found to behave the best for flow characteristics of the slurry 
and the strip produced from it is coherent. 

Atomized copper powder - 69 . 7 % 

Methyl cellulose - 0.7 % 

Glycerine “ 1.8 % 

Water - 27.8 % 


In order to prevent the agglomerate formation during 
mixing of binder with solvent, dry premixing of binder with other 
ingredients is done and then slurry is prepared. The following 
methods be used to form the slurry. 


(a) Weighed quantities of Atomized copper powder and methyl 
cellulose are mechanically blended to form a uniform 
mi xture . 

(b) Adequate quantities of water and Glycerine are mixed in 
a separate container so that they form another solution. 

<c) The solid and liquid constituents obtained from (a> and 
(b> are mixed in a beaker by means of laboratory stirrer 
for 15 minutes. 

A homogeneous slurry resulted from the above procedure 
which had good flow characteristics. The slurry thus formed can 
contain some air bubbles which will resulted in small blow holes 



and so care was taken to minimize the trapping of air bubbles in 
cast strip. 

The slurry was poured into a flat horizontal steel mold 
of size 100 X 75 x 5 mm. The slurry flowed on its own to fill the 
mould and the excess material was removed using a scraper. Before 
pouring the slurry the mould was coated with Oleic acid which 
acted as a releasing agent. The cast slurry was subsequently 
dried by heating the mould on a hot plate. In order to avoid 
excess heating the strip was removed from the mold when containing 
little amount of moisture and was further dried on hot air oven at 
595°K. A coherent strip resulted after drying the green strip and 
a little shrinkage was observed. 

The apparent density of the cast copper strip in dry 
condition was 2.205 mg/m^ indicating that it contained about 75^ 
porosity. The strip had enough strength for handling and did not 
pose any problem. 

5.2.2 SINTERING OF GREEN COPPER STRIP: 

The green copper strips were sintered in hydrogen 
atmosphere in a specially designed furnace. The heating chamber, 
which was heated by silicon carbide rods, consisted of an Inconel 
tub« , .750 mm long and of 100 mm internal diameter and was closed 
from one end. The open end of the furnace had a 200 mm long 
cooling chamber where the atonized copper strips were colled under 
hydrogen atmosphere. Gases were introduced into the chamber 
through a stainlesssteel tube passing through the open end of the 
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chamber . 


The standard procedure for sintering was that the 
furnace chamber already maintained at the required temperature, 
was flushed with Nitrogen for 500s (5 min) before introducing 

hydrogen into it. The green strip, placed on a perforated inconel 
tray was introduced into the furnace chamber to the hot zone of 
the furnace. 

All the strips were sintered at 1225 K for 4500 sec in 
atomsphere and then cooled for 25 min in the cooling zone under 
hydrogen atmosphere. More time was given for sintering because, 
the powder was old and may have oxide coating over the particles. 
The cooled strips were taken out and were further densified. The 
typical density of the sintered strip was 5.2504 mg/m^ <rel. 
density. 0.565) implying the porosity of ~ 65 percent. 

Fig 5.5 shows the view of the sintered copper strip 
showing inter connected porosity. 

5.2.5 DENSIFICATION ROLLING OF POROUS COPPERSTRIP: 

The copper strip obtained after sintering contained 
about 65^ porosity. In order to obtain fully densified strip it 
is necessary, to density them by rolling, either cold or hot. In 
the present work the strips were hot rolled to get full density. 

Four sets of strips were prepared upon which the 
following processing method has been adopted. 




<X270) 


Vies of sintered copper strip under the scanning 
electron microscope. 
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(1> One set of copper strips were hot rolled to various 
thickness reductions giving partially densified strips. Two 
hot rolling temperatures wre chosen for the above case. 1223K 
and 1023K. and the strips after hot rolling were cooled in 
graphite chips. 

(2) Two sets of copper strips were hot rolled to full density 
in single pass at different temperatures. One of which were 
quenched in water after hot rolling and the for the other 
set, they were cooled in graphite chips. The temperature of 
hot rolling in this case were 923K. 1023K. 1123K and 1223K. 

(3) One set of copper strips were hot rolled at 1223°K to 
full density in single pass and cooled in graphite chips and 
these were annealed and used for study of cold rolling 
behav i our . 

3.2.4 HOT ROLLING OF POROUS COPPER STRIP : 

The furnace used for reheating and hot rolling was same 
as the one described in section 3.3. Reheating and hot rolling 
was done in Hydrogen atmosphere to prevent oxidation of the strip. 
One end of reheating chamber was closed, while other end had a 
zone projecting outside the furnace, as shown in Fig. 3.4. The 
reheating chamber contained a flat inconel plate which acted as a 
base for the strip. Porous copper strips were preheated to 
corresponding temperature of hot rolling for 1800s <30 min> prior 
to hot rolling. The hot rolling was performed on a 2-high mill 
having 133 mm diameter rolls rotating at a speed of 53 rpm and 
maintained at room temperature. The 


required thickness 



SPECIMEN TO BE ROLLED 
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Fig. 3. 4 Hot rolling arrangement. 






deformation was given by hot rolling in a single pass. 


In order 


to avoid internal oxidation of the strip via its inter connected 
porosity, hot rolling was carried out in such a way that it is 
under protective atmosphere upto very near the nip of rolls. The 
standard procedure for hot rolling was as follows: 

<1) A small hole was drilled near one edge of the porous 
copper stripd and a thin nichrome wire was attached to 
i t . 

(2) An inconel plate was used for the introduction of the 
strip into the hot zone of the preheating furnace. 

(>> The preheating furnace, which is mobile, was placed in 
front of rolling mill so that the extended one at exit 
was very close to the nip of rolls. 

(4) The roll gap was adjusted to the required level and then 
the heated porous strip was pulled into the rolls. from 
the other side of rolls, using the attached wire. 

<5) The strips emerging out of the rolls were given the 
treatments as explained before in section 3.4. 

3.3. COLD ROLLING OF HOT ROLLED STRIPS : 

One set of strips hot rolled at 1223°K to full density 
in single pass, were colled in graphite chips after hot rolling. 
These strips were annealed at 823°K for 1800s in Argon atmosphere 
and colled for 1500s in colling zone. These were subjected to 
cold rolling to various thickness deformations. Cold rolling was 
performed on a 2 high mill. The direction of cold rolling was 
kept parallel to that of previous roiling directions. 
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3.4 METHODS OF TESTING AND INSPECTION 
3.4.1 DENSITY MEASUREMENT: 

The density of Green strip was calculated from weight 

and dimension measurements. Densities of sintered copper strips 

and further densified strips were determined by the immersion 

technique. Reagent grade Ethylene glycol was used as impregnating 

liquid. It has many advantages over other liquids. It has low 

vapour pressure, and therefore does start boiling when trapped air 

is pulled out from samples under vacuum. Also it can be removed 

o o 

completely by heating to a low temperature of 483 K (210 C) and 
is non-reactive towards copper. 

The method consisted of immersing the samples in 
Ethyleneglycol and keeping whole arrangement in vacuum decicator. 
Due to the low pressure inside it enables the trapped air to come 
out from open pores. By repeating this process 3-4 times it was 
possible to remove all air from the samples. These open pores 
were then filled with Ethylene glycol. The samples were then 
wiped carefully to remove the glycol film on surface without 
pulling any glycol from the pores. 

The impregnating step was eliminated where the specimens 

were known to be of higher density i.e. > 95^ of theoretical 

density. Density interconnected, total and isolated porosities 

i.e. Pg ; '^int.er ’ ^Iso respectively were calculated from 

< 1 9 > 

following relation strips : 
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P 


c 


£ 


S 


inter 


total 






oo. 


(a>2 - ) X 100 

- Wj) 


p. — p X 100 

t s 


3.1 


3.2 

3.3 


where 


<*> , 


CO, 


CO. 


^ ■ . 1. _i 

isolated 

= density of the sample 

= density of copper taken to be 8.92 mg/m^ during 
this study. 

= weight of the sample in air 

= weight of the sample in air after impregnation with 
g 1 yco 1 . 

= weight of the impregnated sample in water. 


total 


£ . 


inter 


3.4 


3.4.2 MECHANICAL PROPERTIES : 

UTS, O.Z% proof stress. and percent elongation were 
determined by a universal testing machine, Instron 1150. The 
testing was done at room temperature and samples were strained at 
a rate of 4x10 ^/sec. Because of the shortage of strip material, 
the specimen used was not of standard specf i cat i on ^ ^ . However, 
the geometry of the specimen, as shown in Fig. 3.5 was maintained 
according to the standard specification. A minimum of 2 samples 
were tested in each case. 
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5.4.3 METALLOGRAPHY : 

The structure of strip at various stages of processing 
was examined under optical, scanning and Transmission 

Electron microscopes. Each of the above were discussded separately 
below. 

3. 4. 3.1 OPTICAL MICROSCOPY : 

Samples for optical microscopy were mounted in epoxy 
resin/plastic prior to their polishing. The polishing method 
consists of the following steps: 

1) Samples were carefully ground on 1/0; 2/0; 3/0 and 4/0 

emery papers using a light presssure. 

2) Final polishing was done on microcloth wheel using a 0.3 
pm alumina water slurry. 

After final polishing the specimens were washec dried 

and etched with FeCl^ solution the concentration and constituents 
( 21 ) 

given by KEHL . After etching they were rinsed with warm 
water and were dried under a warm air blast. 

5.4. 5.2 SCANNING ELECTRON MICROSCOPY : 

Since copper is electrically conducting, anycoating was 
not needed for observation of samples in SEM. The Fractured 
surface at different . stages of processing were observed in | 
JEOL.SEM. Microstructures in cold rolled and hot rolled strips | 


were observed in SEM. 



3. 4. 5. 5 TRANSMISSION ELECTRON MICROSCOPY : 


TEM samples were prepared from the hot rolled copper 
strips subjected to various treatments, by the following 
procedure : 

<1> The thin sample for electroject polishing was prepared 
by mechanically thinning a piece of the copper strip to 
0.03 mm. 

<2) The thin specimen obtained in <1> was used for the 
preparation of 3 mm dia disc samples for electrojet 
polishing. This was done by using a small punching 
equ i pment . 

<3> This 5 mm dia disc were further thinned by electrojet 
polishing until a perforation occur. 

<4> The region around the perforation will be very thin and 
this used for observation of structure. 

The following were the conditions used for electrolytic 

. . , . . < 20 > 

) et pol 1 sh 1 ng 

Voltage -* 15 V 

o 

Temperature - 25 C 

Electrolyte Nitric acid and methanol in the ratio 

1 : 2 

( 2 3 > 

The electrojet polishing procedure was described in 
Samples after electrolytic jet polishing were washed in methanol 
twice and dried using a warm air blast. 

The samples were stored in a capsule and kept under 


vacuum. 
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The samples were examined in JEOL Transmission Electron 
Microscope for microstructures. 

3.4.4 grain size MEASUREMENTS : 

The grain size; Aspect ratio were measured according to 
the Intercept method after Heyn^^^\ 

5.4.5 quantitative ANALYSIS OF INCLUSIONS: 

The following quantitative parameters related to the 
inclusions present in atomized copper strip were determined: 

Total number of inclusions. 

<2) Size distribution of inclusions. 

(a> An Image analyser was used for determining the above 
parameters from hot rolled and annealed, and unetched samples. 

(b> Quantitative analysis inclusion was done on samples cold 
rolled to different deformations using optical microscopy and 
following parameters were determined. 

Total no. of inclusions and 

No. of particles f ragmented/decohes i oned . 



CHAPTER - 4 


RESULTS AND DISCUSSIONS 


4.1 EFFECT OF HOT ROLLING TEMPERATURE ANO THICKNESS REDUCTION ON 
THE OENSIFICATIOIN OF POROUS COPPER STRIP 


The dens i f i cat i on behaviour has been studied by hot 
rolling porous copper strip to various thickness deformation at 
two different temperatures, 1023K & 1223K. by measuring the 
relative density of strip corresponding to the deformation. The 
thickness reduction was measured by considering initial and final 
th i cknesses . 


The effect of hot rolling on the relative density of 
copper strip is shown in Fig. 4.1. Table 4.1(a) and 4.1(b) show 
the values of total porosity («.j.) , inter connected porosity 
^■^inter^ isolated porosity in the strip as a function 
of hot rolling deformation at 1023K and 1223K. The behaviour is 
graphically represented in Fig. 4.2 & 4.3. 


recent 1 y 

* . <25) 
metals 

obta i ned 


Hot 

been 


rolling behaviour of porous metal strips has 
analysed by the plasticity theory of porous 
The following analytical relationship has been 



4.1 


where C is a 


constant having a value of 0-,4. obtained from the 



Table 4.1 


'za 


Effect of Thickness Reduction on Densif ication of Porous 

Copper Strip. 

<a) Hot Rolling Temperature = 1025K 

Relative Density of the starting strip, = 0.35 


Fract i onal 

T'h i ckness 
Reduct i on 

Relative 
Dens i ty of 
HR strip 

P 

Total 

Porosity of 
HR strip 

^T 

Interconnected 
Porosity of 

HR strip 

^ i nter 

Isolated 
Porosity 
HR strip 
£ 

C 

0.02 

0.391 

61 

56 

5.0 

0.175 

0.410 

59 

54 

5.0 

0 . 290 

0.420 

58 

53.1 

4.9 

0 . 440 

0 . 567 

44 

40.0 

4.0 

0 .530 

0 . 65 

35 

32.0 

3 . 0 

(b) Hot roll 

ing temperature = 1225K 



Relative 

density of 

the starting 

strip, p 0.55 


Fract lonal 

Th i ckness 
Reduction 

Re lat i ve 
Density of 
HR strip 

P 

Total 

Porosity of 
HR strip 

«T 

I nterconnected 
Porosity of 

HR strip 

^ i nter 

I so lated 
Poros i ty 
HR strip 
£ 

c 


0 . 05 

0.395 

0.19 

0.420 

0.27 

0.440 

0.35 

0.459 

0.49 

0.600 

0.63 

0.800 
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56 

58 

52 

56 

51 

54 

50 

40 

36 

20 

17 


5 

6 
5 
4 
4 
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HRT = 1023K 



FRACTIONAL THICKNESS DEFORMATION 



HRT = 1223K 





ratio of youngs modulus to shear modulus of copper, 
e^ is the fractional thickness deformation 

; p are the relative densities of strip before and after 
de format ion. 

The above equation predict the temperature independency 
of dens i f i cat i on . The experimental values for two hot rolling 
temperature were found to agree well with the theor i t i ca 1 1 y 
predicted dens i f i cat i on behaviour from Eqn. 4.1. as shown in Fig. 
4.1. 


Dens i f i cat i on , in porous strips, due to hot rolling can 
be considered to be occuring through the following mechanisms. 

a) Transitional restacking of particles 

b) Contact growth 

c> Longitudinal flow of the particles. 

<a) The starting porous strip consisted of basically an aggregate 
of loosely sintered copper particles. The overall stresses acting 
on the strip during initial stages of deformation, compressive in 
thickness direction and Tensile in the rolling direction, are too 
small to cause any plastic deformation of the particles since no 
substantial plastic deformation of the bulk is possible during 
initial stages of deformation i.e. low thickness reductions. 
Particles after their sliding tend to restack themselves in voic 
regions available in their vicinity where they can be accomodatec 
easily without any major plastic deformation. Such a transitional 
restacking of particles with little plastic flow is shown 


O J 


schematically in Fig. 4.4 (a) Fig. 4.5 show the SEM views of strip 
hot rolled at 1 225K . 

( 26 ) 

It has been proposed that random dense packing can 
be attained at a density of 0.67 of theoretical density. The 
deformation range corresponding to this density is 0.55 ~ 0.6. 
From SEM views it can be infered that transitional restacking of 
particles is the predominant mechanism upto a Fractional thickness 
deformation of 0.5. During transitional restacking, most of the 
strain given will be used for rearrangement and less is consumed 
for plastically deforming the particles. 

<b) The increase in Fractional thickness deformation above 0.6 
causes the particles to come much closer thus decreasing the inter 
connected porosity. Particles from the random dense packed stage 
come closer to each other thus increasing the i ntercar 1 1 c 1 e 
contact area, as the thickness deformation increases. Since most 
of the inter connected porosity is eliminated by the close packing 
of particles, only isolated porosity remains. Flattening of 
particles also occurs to some extent in this case. 

<c> The Longitudinal flow of the particles is predominant at 
higher thickness reductions, since the strain given to the strip 
IS utilized to maximum extent to plastically deform the particles 
as there is little amount of porosity. As thickness deformation 
further increases giving the relative density value near to 
theoretical, the porosity decrease to minimum. 

Since the volume changes at this stage are small, the 





o 


b 
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Fig. 4. 4 Schematic view showing three stages 
of densification of porous copper strip 
during its hot rolling 
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e 61^ HR (XIOOO) 



61% HR (X2000> 


Fiq 4 5 SEM view showing particle arrangement at different 
stages of densif ication of porous copper strip 
during its hot rolling. 
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Fig 4.5.1 SEM view showing longitudinal flow 
in particles of a fully dense strip 
during its hot rolling. (X500} 
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thickness deformation given to the strip results in almost 
equivalent elongation in rolling direction. 

4.2 EFFECT OF HOT ROLLING TEMPERATURE ON STRUCTURE AND MECHANICAL 
PROPERTIES OF FULLY DENSIFIED COPPER STRIPS 

Results on the dens i f i cat i on behaviour of porous metal 
strips as discussed in section 4.1 showed that the dens i f i cat i on 
of the strip is unaffected by hot roiling temperature. However, 
the evolution of microstructure developed during the dens i f i cat i on 
rolling of porous copper strip is likely to be affected by hot 
rolling temperture. In order to study the development of 

microstructure in the strip, different sets of experiments were 
carried out. In the first set of experiments fully densified 
strips hot rolled at different temperatures were quenched in water 
within 5 sec of their rolling. This procedure ensured the 
retention of as rolled microstructure in the strip without causing 
any static recovery or recrystal 1 ysat i on taking place during their 
cooling. In the second set of experiments the strips were cooled 
under . graph i te chips so that static softening processes. if any, 
can occur. 

4.2.1 MICROSTRUCTURES OF FULLY DENSIFIED STRIPS 

Optical, scanning as well as Transmision electron 
microscopy methods were used to examine the microstructure of 
various hot rolled strips. 


Fig. 4.6 and 4.7 show the optical micrographs of the 








1125K (X200> 



Fig, 4,6 optical micrographs in thickness directionr of strips 
hot rolled at different temperatures and quenched. 




102?K <XZOO) 




Fig. 4.7 Optical micrographs in thickness direction of 

strips hot rolled at different temperatures and 
cooled in graphite chips. 
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thickness cross section parallel to rolling direction, of strips 
rolled at 923K. 1025K. 1123K and 1223K for the two sets of strips. 
It can be seen that all these microstructures do not show any 
porosity which was commensurate with density measurements done on 
these strips. However, all the microstructures showed elongated 
grains and aspect ratio of grains was found to be different in 
strips rolled at different temperatures. Further at 925K the 

grains were of mixed size. 

Fine inclusions presumably that of Cu^O were found to be 

present in microstructures. The size distribution of inclusions 

present in strips hot rolled at 1223K was obtained by using Image 

Analyser by examining the microstructure under unetched condition. 

The inclusion size distribution histogram is shown in Fig. 4,8. 

It is clear from the histogram that the size distribution of 

* 

inclusions in the strip was positively skewed i.e. most of the 
inclusions were in the micron and submicron size range with 
relatively few inclusions present in maximum size range of 10-14 
jum. 


Aspect ratio of grains obtained in strips rolled at 
different termperatues was calculated by measuring grain size in 
transverse as well as in Longitudinal directions. Aspect ratio of 
grains as a function of hot roiling temperature is shown 
graphically in Fig. 4.9 for two sets of strips. 

It can be seen from the above figure that aspect ratio 
decreases as the hot rolling temperature increases. This can be 
exnlaineH hv rnn« i i nq that at hiqh hnt t'o I I i nn t emne Ta tuirp*? 



NUMBER OF INCLUSIONS PER AREA 



LENGTH OF INC LU SIGNS, fim 


Fig. 4. 8 Inclusion size distribution histogram for 

copper strip prepared from atomized 
copper powder by hot rolling at 1223 K 
R nnncalcrt nt 




thermal energy assistance is more compared to that low hot rolling 
temperatures. Dynamic softening can take place at high hot 
rolling temperatues giving a low aspect ratio. For the second set 
of strips, hot rolled at different temperatues and cooled in 
graphite chips, the aspect ratios are similar compared to above at 
corresponding temperatures. 

Transmission electron micrographs of the strips rolled 

at 92?K. 1023K, 1123K and 1223K are shown in Fig. 4.10 and 4.11. 

It can be seen that all these micrographs showed the dislocation 

cell structure. However, all the microstructures showed different 

cell wall thickness for strips hot rolled at different 

temperatues. The occurance of dynamic softening mechanisms is 

dependent on many factors such as strain, temperature of 

deformation and stacking fault energy of the metal. According to 
< 27 ) 

JONAS et al . In processes where strain is low the grains 

soften by dynamic recovery and in metals of low stacking fault 
energy, static recrystallization, if at all permitted, takes place 
after dynamic recovery. In case of copper strip made from hot 
rolling route the actual strain in the strip will be imparted to 
the copper particles present muqh less than that calculated from 
the thickness reduction values, because most of the strain is used 
for filling of pores by restacking of particles. Also the 
stacking fault energy of copper is low. Therefore dynamic 
recovery, if any. can occur rather than dynamic recrystal 1 ysat i on . 
This is the reason for the presence of dislocation cell structure. 
For the second set of strips the static recrystal lysat i on has not 
occured to a greater extent thus giving the cell structure. 





Fig. 4.10 Transmission electron micrographs showing the 
dislocation cell structure for fully dense hot 
rolled strips and quenched. 


I 





,, .,,„ 3 mission electron micrographs shoeing the 
4.11 Transmiss ^^-r-ucture for fully dense hot 

dislocation cell structure 

lolled strlpa and quenched. 


4.2.2 MECHANICAL PROPERTIES OF FULLY DENSIFIED STRIPS 


The effect of hot rolling temperature on the mechanical 
properties of the strips rolled at 925K. 1025K, 1123K and 1223K 
are shown in Figs 4.12, 4.13 and Figs 4.14, 4.15 for two different 
sets of strips. Table 4.2 and 4.3 show the values of Tensile 
strength, Q.Z% yield strength and elongation as a function of hot 
rolling temperature for two set of strips. 

Fractography study was done on the fractured tensile 
samples of hot rolled strips with scanning electron microscope. 
Fig 4.16 and Fig 4.17 shows the fractographs of strips hot rolled 
at different temperatues for the two sets of strips. It can be 
seen that the fractured surface at high temperature hot rolling 
showed a particilly dimpled surface and for low hot rolling 
temperature an i ntergramu lar fracture was observed. 

It can be seen from Fig. 4.12 to Fig. 4.15 the values of 
mechanical properties increased with increase in hot rolling 
temperature. The reasons for this nature are discussed below. 
The factors that can contribute the variation in mechanical 
properties of rolled copper strips are porosity. inclusions, 
dislocations and bond strength of particles. Optical micrographs 
showed no porosity and low content of inclusions so the 
predominant factors are dislocations and bond strength of 
particles. Transmission electron micrographs showed dislocation 
cell structure in both cases which implies that a high density of 
dislocations is present in the strips. This is the reason for the 



Tabl© 4.2 


EFFECT OF HOT ROLLING TEMPERATURE ON MECHANICAL PROPERTIES 
OF STRIPS HOT ROLLED AND QUENCHED 


Hot Ro 1 1 i ng 

T emperature , K 

U.T.S. 

MN/m^ 

O.Z% Yield 
Strength 

MN/m^ 

% Elongation 

1225 

528: 552 

240 

5.98 

1125 

559:527 

228 : 216 

5.05 

1025 

502:279 

196:209 

1.50 

925 

248:247 

187.4:187 

1.11 


EFFECT OF HOT 

OF STRIPS 

Table 4.3 

ROLLING TEMPERATURE ON MECHANICAL 

HOT ROLLED AND COOLED IN GRAPHITE 

PROPERTIES 

CHIPS 

Hot Roil ing 
Temperature . K 

U.T.S. 

0.Z% Yield % Elongation 

Strength (f-^N/m^) 

1225 

555 

245 

6.1 

1125 

556,558 

227.2 

5.71 

1025 

512 

212 

1.68 

925 

251 

191 

1.1 











FIG 4.13 .EFFECT OF HRT ON U.T.S & 0.25«PROOF STRESS 
OF A STRIP HOT ROLLED TO FULL DENSITY Ac 
COOLED IN GRAPHITE CHIPS 















Fig. 4.16 SEM view of fractured surfaces after the tensile 

test on strips hot rolled at different temperatures 
and quenched. 
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Fig* 




1225K (X2300) 


SEM view of fractured surfaces after the 

test on strips hot rolled at different ten^eratures 

and cooied in graphite chips. 


high strength and low elongation values of hot rolled strips. 

The tensile strength and elongation values increased as 
the hot rolling temperature increases. This is due to the good 
bond strength of particles at high hot rolling temperatures as 
revealed by scanning electron micrographs of Fractured surfaces. 
The same nature was observed with second set of strips TE.M 
micrographs of this above hot rolled strips also showed the 
dislocation cell structure and the mechanical properties were 
similar thus showing that static no softening mechanisms have not 
taken place to a greater extent in the second set. The increase 
in 0.25 yield strength with increase in hot rolling temperature 
might be due to easy plasticity occuring at low hot rolling 
temperatures where the bond strength is low. For the second set 
of strips hot rolled and cooled in graphite chips, the same nature 
was observed. 

4.3 EFFECT OF ANNEALING ON STRUCTURAL AND MECHANICAL PROPERTIES 

OF FULLY DENS I FI ED COPPER STRIP 

A set of sintered copper strips were hot rolled at 1223K 

to full density in a single pass. These were subsequently 

« 

annealed at 823K for 1800 sec in Argon atmosphere. 

4.3.1 MICROSTRUCTURES OF FULLY DENSE ANNEALED STRIPS 

Optical, scanning as well as Transmission electron 
microscopy methods were used to examine the microstructure of hot 
rolled and annealed strip. Fig. 4.18 shows the optical micrograph 



of the copper stgrip hot rolled at 1223K and followed by 
annealing, at the thickness cross section parallel to rolling 
direction. It can be seenthat the microstructure consisted of 
recrysta 1 1 ysed grains. 

Scanning electron micrograph of Fractured surface of 
Tension test sample is shown in Fig. 4.19. The structure showed a 
dimpled surface thus revealing the ductile fracture of the sample. 

Transmission electron micrographs of the strip are shown 
in Fig. 4.20. It can be seen from Fig. that the dislocation 
density was less compared to that of as hot rolled sample in which 
no annealing was carried out. This is due to recrystal 1 ysat i on , 
taking place during annealing, by annhillating the dislocations 
present in the strip. 

4.5.2 MECHANICAL PROPERTIES OF FULLY DENSE ANNEALED STRIPS 

The mechanical properties of fully dense strip which was 
obtained by hot rolling the porous copper strip at 1223K to 82^ 
thickness reduction are listed below; 

Tensile strength = 202 MN/m^ 

Elongation = 40% 

0.2% yield strength = 80 MN/m^ 

The increase in ductility and decrease in strength in 
the annealed strips as compared to the as hot rolled strips is due 
to the anhiUation of dislocations during annealing. 



ig. 4.18 Microstructure of copper strip hot rolled at 1223K 
and annealed at 823K, (XZOO) 



Fig. 4.19 SEM view of fractured surface after the tensile 

test on strip hot rolled at 1223K and annealed at 
823K. <X3000> 



Fig. 4.20 TEM view of strip hot rolled at 1223k and annealed 
at 823K. CXI .00.000) 


4.4 EFFECT OF COLD ROLLING THICKNESS REDUCTION ON MICROSTRLtCTURE 

AND MECHANICAL PROPERTIES OF FULLY DENSE HOT ROLLED COPPER 
STRIPS . 

A set of copper strips were hot rolled at 12Z5K to full 
density in two passes and were subsequently cooled under graphite 
chips. A total of 82^ thickness reduction was given. The fully 
dense hot rolled strips thus obtained were subsequently annealed 
in Argon atmosphere at 825K for 1800 sec. Annealing in hydrogen 
at higher temperatures for copper strips containing CU^O 
inclusions causes embr i tt 1 ement ^ \ After the annealing 
treatment these strips could be further cold rolled upto l'?% 
thickness deformation without any intermediate annealing. Tensile 
samples were prepared from the strips cold rolled to 10, 20, 40, 
50 and 62 percent thickness reduction which were subsequently 
annealed at 825K in Argon atmosphere. The values of mechanical 
properties are listed in Table 4.4. 

The hot rolled copper strips contained inclusions 
and the quantitative data regarding their size distribution are 
presented in Fig. 4.8. It was reported by earlier workers ^ ^ 
that during cold working of metals containing non metallic 
inclusions there can be decohesion and/or Fragmentation of 
inclusions due to the difference in plasticity between matrix and 
incius ion. 


A comrinon method to study the decohesion and/or 
Fragmentation of inclusions as a result of cold working' is 
to observe thin films of material under electron microscope. 



Table 4.4 


EFFECT OF COLD ROLLING THICKNESS REDUCTION ON MECHANICAL 
PROPERTIES OF COPPER STRIPS 


Thickness reduction 
by cold rolling, % 

Elongation, % 

UTS MN/m^ 

0 

40.2 

202 

10 

40 

208 

19 

40 

212 

40 

49-0 

226 

62 

35.0 

190 


Table 4.5 

EFFECT OF COLD ROLLING THICKNESS REDUCTION ON DECOHESION/ 
FRAGMENTATION OF INCLUSIONS 


Thickness reduction 
% 


Particles Fragmented/ 
Decohes i oned , % 


0 0 
10 8 


19 12 

40 . 4Z 


50 


62 





c 


10^ CR <X850: 














cold rolled to a thickness deformation of 50^. But inclusions of 
sub micron sizes did not show any decohesion phenomenon even after 
cold rolling to SZ% thickness reduction. Fig. 4.21 ” show that 
submicron size inclusions have not undergone decohesion and/or 
Fragmentation in the copper strip cold rolled to 62% thickness 
deformation. Thus it can be observed that smaller the particles 
larger is the cold rolling thickness reduction for decohesion. 
The explanation for such a behaviour is given later. 


The number of inclusions Fragmented and/or separated is 
calculated as a function of thickness reduction. Fig. 4.22 show 
the variation of decohesioned and/or Fragmented inclusions as a 
function of cold roiling thickness reduction. Optical microscope 
was used for counting the Fragmented and/or separated particles. 
Table 4.5 show the number of particles. Decohes i oned/Fragmented 
with respet to cold roiling thickness reduction. 


Copper strips can also be made directly from preformed 
cuprous oxide pref orms^ ^ . The method consists of reducing the 
cuprous oxide preform at K in atmosphere. followed by hot 
rolling to full density. The strip is further cold rolled and 
annealed. such copper strip contains about 1.2 vol % Cu^O 
inclusions uniformly distributed in the copper matrix. The size 
distribution of inclusions is shown in Fig. 4.25. Such copper 
strip contains more Cu^O inclusions than the copper strips used in 
the present investigation. Moreover. the average size of 
inclusion is also higher in the former strip. 


In order to compare 


the decohes i on/Fragmentat i on 



PARTICLES FRAGMENTED/DECOHESIONED 



55 THICKNESS REDUCTION BY COLD ROLLING 


FIG 4,22 EFFECT OF COLD ROLLING THICKNESS REDUCTION 

ON DECOHESION / FRAGMENTATION OF INCLUSIONS. 


I 



NUMBER OF INCLUSIONS PER lOOmm^ AREA 



FIG.U.23 INCLUSIONS SIZE DISTRIBUTION HISWGR 
FOR HR DIRECT COPPER STRIP. 


directly from 


behaviour of Cu„0 inclusion, copper strips made 

L 

cuprous oxide preform were cold rolled to 54% to 58% thickness 
reduction and observed under SEM. Fig. 4.24 show decohesion and/ 
or Fragmentation of Cu^O inclusion in the above strip. 

The variation of Tensile strength and elengation as a 
function of cold rolling thickness reduction are shown in Fig. 
4.25 and 4.26. It can be seen that both strength and ductility 
increased upto a thickness deformation of 40%. Beyond this 
thickness reduction by cold rolling the properties start 
deteriorating. 

Many workers studied the mechanism of void 

formation in a plastically deformed matrix. Two basic kinds of 
damage processes can take place depending on the values of matrix 
particle interface stiffness and the particle stiffness 

<a> Oecohesion at the inclusion-matrix interface and 
<b) Fragmentation of the inclusions 

According to Schmitt and Jaliner the following 

metallurgical and mechanical parameters make a sheet material very 
sensitive to damage around inclusion during its cold rolling. 

(a) the shape, size, distribution, chemical nature and 
plasticity of' inclusions. 

<b) the cohesion between inclusion and matrix. 

<c) the inclusion orientation with respect to the principal 
axes of stress and strain, 

<d> the plastic behaviour of the matrix including its strain 
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behaviour of Cu^O inclusion. copper strips made directly from 
cuprous oxide preform were cold rolled to to 58% thickness 

reduction and observed under SEM. Fig. 4.24 show decohesion and/ 
or Fragmentation of Cu^O inclusion in the above strip. 

The variation of Tensile strength and elengation as a 
function of cold rolling thickness reduction are shown in Fig. 
4.25 and 4.26. It can be seen that both strength and ductility 
increased upto a thickness deformation of 40%. Beyond this 
thickness reduction by cold rolling the properties start 
deteriorating. 

Many workers ^ ^ studied the mechanism of void 
formation in a plastically deformed matrix. Two basic kinds of 
damage processes can take place depending on the values of matrix 
particle interface stiffness and the particle stiffness 

<a) Decohesion at the inclusion-matrix interface and 
<b> Fragmentation of the inclusions 

( 33 ) 

According to Schmitt and Jaliner the following 

metallurgical and mechanical parameters make a sheet material very 
sensitive to damage around inclusion during its cold rolling. 

(a) the shape, size, distribution, chemical nature and 
plasticity of- inclusions. 

(b> the cohesion between inclusion and matrix, 

(c) the inclusion orientation with respect to the principal 
axes of stress and strain. 

<d) the plastic behaviour of the matrix including its strain 



a 74* CR <X5000) 



Fig« 4.24 SEM views of fully dense copper strip, prepared 

from cuprous oxide powder cold rolled to different 
deformations, showing decohesion and/or fragmenta- 
tion of inclusions. 
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hardening characteristics and the strain rate sensitity. 


Tanaka et have studied the effect of size of 
inclusion on the cavity formation at interface of an inclusion, 
considering the energy criterion, they have formulated the value 
of critical strain required for the formation of cavity around a 
spherical inclusion in case of uniaxial tensile deformation. 
According to them the critical strain to cause cavitation is given 
by following equations - 

‘'crit [ H ' 




cr i t 



when a > 1 


where a is the ratio of youngs modulus of inclusion to that of the 
matrix and d is the diameter of the inclusion. 

From the above equation it can be infered that the 
strain required for cavitation is inversely proportional to, the 
diameter of inclusion. A similar type of behaviour was observed 
in the present case as discussed earlier. 

The nature of variation in the mechanical properties of 
strip as a function of thickness reduction can be discussed in the 
light of decohesion and/or fragmentation. As shown in Figs. 4.25 
and 4.26 there is an increase in Tensile strength and Elongation 
upto 40% cold rolling. As discussed earlier. decohesion and/or 
Fragmentation of Cu^O inclusion takes place during cold rolling of 
copper strip. Although this behaviour starts from the very 



beginning of the cold rolling, there were only a few inclusion 
sites where decohesion and/or fragmentation has taken place upto 
40^ thickness reduction. The size of inclusions where such 
phenomenon has taken place is about 10 pm. Therefore the main 

reason for the increase in the mechanical properties of cold 
rolled and annealed strip upto 40^ thickness reduction seems tof 
be due to grain refinement. The grain sizes of strips cold rolled 
to 10, 20, & 40 percent are given below: 

As hot rolled > 12.18 pm 

18« Cold rolled > 10.88 pm 

40% Cold rolled > 8.65 pm 

The grain size decreased as cold rolling thickness reduction is 
increased. This shows that grain refinement has taken place. 
After 40% thickness reduction the properties decreased due to the 
increase in decohesion and/or Fragmentation of inclusions present 
in the copper strips as discussed earlier. 
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5. CONCLUSIONS 

1. Sintered copper strips, containing about 65^ porosity, made 
from atomized powder by the slurry casting method can sustain 
large amount of thickness reductions <upto ~ 80%) without any 
significant edge cracking by hot rolling in a single pass at 
all the temperature investigated in the present study viz 
923K, 1023K. li23K and 1223K. 

2. Results of strip dens i f i cat i on with the percentage thickness 
reduction imparted at 1023K and 1123K respectively show that 
the dens i f i cat i on behaviour of the strip remains unaffected 
by the rolling temperature. Dens i f i cat i on of porous strip at 
both the temperatures can be adequately described by the 
re 1 at i onsh i p . 


If 

1 

f ^ , f !--=> ] 


P } 1 l-p^j 

cT J 


where, c is a constant having a value of 0.4 and is the ratio 

of youngs Modulus of the material to its shear Modulus, is | 

i 

the relative density of starting porous copper strip and p is 
the relative density of hot rolled strip at a given 
Fractional thickness deformation e. 

X • j 

3. A thickness reduction of about 80% imparted to porous copper | 

strips of relative density of 0.35 by hot rolling them in a ! 

I 

i 

single pass produces fully dense strips. | 

4, Dens i f i cat i on of porous copper strip upto a relative density | 
of 0.7 involves the sliding of copper particles around their j 


neck negious leading to their transitional restacking. After 
the relative density of 0.7 increasingly larger particles 
deform by their longitudinal flow in the rolling direction 
and from inter particle contact areas with their 
co-ordinating neighbours. During this stage. the inter 
connected porosity starts transforming into isolated 
porosity. Eventually the collapsing of isolated pores occurs 
resulting into the full dens i f i cat i on of the strip. 

5. Optical micrographs show an elongated grain structure in 

strips hot rolled at all temperatues viz 925K, 1023K, 1123K 

and 1223K. However, the Aspect ratio is different at 
different temperatures. There is a decrease in Aspect ratio 
of grains as hot rolling temperature increased. Same nature 
observed in strips hot rolled at above temperatures and 
cooled in graphite chips. 

Transmission electron micrographs of strips hot 
rolled at different temperatues show cell structure. This 
implies high dislocation density is present in the strips. 

6. Fractured surfaces of Tensile samples of strips hot rolled at 
different temperatures show intergranular Fracture at low hot 
rolling temperatures and a partially dimpled structure at 
high hot rolling temperatures. The bond strength of 
particles at high hot rolling temperature is more compared to 
that at low temperatues. 

7. The increase in Tensile strength. Elongation and yield 
strength is explained in terms of above microstructures and 
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F ractographs . 

8. Strips which were produced from atomized copper powder 

contain fine Cu^O inclusions. Size distribution analysis of 
inclusions obtained by image Analyser shows positively 
skewed, i.e. most of the inclusions were in the micron and 

submicron range with relatively few inclusions present in 

maximum size range of 10-14 fjm. 

9. Scanning Electron mi crographs . show that upto 40^ cold rolling 
deformation the decohesion and/or Fragmentation has taken 
place at only few inclusion sites. The size of inclusion 
where such phenomenon takes place is about 10 /um. Above 40^ 
thickness reduction the decohesion and/or Fragmentation 
increased as the thickness reduction by cold rolling 
i ncreased . 

10. Tensile properties obtained on cold rolled strips and 

annealed at 825°K for 1800 sec under Argon atmosphere show 
that Tensile strength. Elongation increase upto 40% and 
deteriorate in strips which are cold rolled beyond 40% 
thickness reduction. The nature of this behaviour is 
explained in light of the SEM micrographs. 
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CHAPTER - 6 

SUGGESTIONS FOR FURTHER STUDY 

(1) In the present investigation, the study on transitional 
restacking, development of contact areas and 

longitudinal flow of particles has been only on a 
qualitative basis. This can be studied quantitatively 
using fundamental principles of quantitative 

metal 1 ography . 

<2> Results of this study show that deterioration of 
mechanical properties occur due to decohesion and/or 
fragmentation of inclusions. Efforts should be made to 
correlate different processing parameters with observed 
inclusion size distribution in hot rolled and annealed 
strips. 

<?> Cuprous oxide inclusions can be present in strips made 
from conventional methods. Therefore during cold 
rolling there will be decohesion and/or fragmentation of 
inclusions as studied by earlier workers. Systematic 
studies can be done on strips made from conventional 
methods, so as to compare with P/M metal strips. 
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